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APPLIED TECHNOLOGY LABORATORY POSITION STATEMENT

This report provides considerable insight into several research and devel-
opment problems that have been and continue to be experienced in Army gas
turbine engines . The problem of minimizing performance losses caused by
turbine tip leakage has been previously approached analytically since
measurement techniques have not provided suitable data. This program
has provided realistic data and an assessment of the adequacy of analy-
tical techniques. This program has also provided a valuable indication
of the magnitude of the thermal distortion which occurs in small engine
shrouds and the relative impact of this distortion on tip clearance
losses. In reviewing this report, the reader is cautioned that the data
presented is truly valid for only this test vehicle, and the conclusions
reached may be valid only for this type of shroud configuration (a canti—

• levered shroud). The results of this contract have been incorporated
• in the improvement of analytical techniques and will be integrated into

other research and development programs at the Applied Technology Lab—
oratory.
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SUMMARY

The objective of this program was to apply accurate turbine tip-clearance
measurement instrumentation to the full spectrum of actual gas generator
operation and determine the tip-clearance response of an advanced high-
pressure  gas producer turbine stage. Comparison between the measure-
ments and a one-dimensional analytical prediction of the tip-clearance
response will provide a basis for optimization of turbine  rotor/shroud
designs for minimum operating tip clearance.

The program was accomplished through four bas ic pha ses:

• Definition of Test Program - Tip-clearance analysis was
accomplished and the test procedures were defined.

Instrumentation - Instrumentation was designed and
procured, and the gas generator was prepared for test.

- ~
. 

• Test - Tip-clearance response and associated component
temperatures were measured over the full range of gas
generator steady-s ta te  and transient operation.

Analysis - Comparison between measurement and
analysis was completed.

The analytical and experimental program was successful in providing a
reliable correlation between analysis and measurement, verif ying the
accuracy and usefulness of the laser tip-clearance measurement device,
and providing a record of the tip-clearance response of the advanced gas
generator test vehicle.
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PREFACE

The turbine tip-clearance measurement program was authorized and
directed by the Applied Technology Laboratory, U. S. Army Research
and Technology Laboratories (AVRADCOM), Fort Eustis, Virginia,tmder
Contract DAAJOZ-75-C-0051.

The program was conducted by the Avco Lycca’ning Division, Stratford,
Connecticut.

Technical direction was provided by Mr. J. Lane of the Applied Tech-
nology Laboratories.
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INTRODUCT ION

Tip clearances in advanced , improved performance gas turbines must he held at a minimum
to avoid unacceptably large aerodynamic performance losses. Small , highly loaded gas pro-
ducer turbine stages operating at a tip clearance of approximate ly one percent of blade
height typically lose two to three percent in e fficiency for each percentage point of
additional tip clearance. The conflicting requirement for adequate clearance to preclude ti p
rubs under stead y-state and transient engine operating conditions necessitates a comprehen-
sive knowledge of the dynamic growth behavior of the turbine system in its operational
environment. Consequently, an accurate analytical modeling approach to the design of the
rotor/shroud systems in these high-performance engines is necessary. Successful reduction
of operating clearances in gas turbine engines requires the application of anal ytical and
experimenta l techniques to predict and verify the performance of ’ the turbine rotor/shroud
system over the full range of gas turbine operation.

The problem of tip-clearance determination was addressed analytically through the use of
a Lycoming-developed , one-dimensional tip-clearance calculation technique and experimentally
through test of an advanced gas generator turbine developed under the Army STAGG

- - (Small Turbine Advanced Gas Generator) Program and designated PLT-34. The gas genera-
tor was equipped with three laser ti p-clearance measurement probes and extensive instrumen-
tation to measure aerod ynamic parameters and turbine component temperatures.

This program was successfu l in verifying the accuracy of the analytic technique in calcu-
lating transient response rates of ti p clearance and component temperature over the full
range of gas generator operations . Differentials between measured and ca lculated stead y-
state tip clearance were caused primarily by a two-dimensional thermal c-train distribution
in the shroud which was not accounted for in the one-dimensional analytic technique.
The lascr tip-clearance measurement system was demonstrated to be a useful and accurate
technique when used under care fully controlled laboratory/ test cell conditions. Analysis
and measurement results from this program will be used to provide a baseline tor the

• improvement of the tip-clearance control of the Lycoming advanced technology demon-
strator engine (ATDE).

1. 

i i



~ ‘~~~~~~~ -, - ~~~~~~~~~~~~~~~~~~~~~~~~~ - - - - -. -

TEST VEHICLE DESCRIPTION

- 
.- 

- 

GENERA L

The PLT 34 gas generator  (Fi gure  1) employs a two-stage axial and a
single-s tage centrifugal compressor , a rever se-flow annular combustor ,

-. - and a two-stage axial turbine . Two basic modules comprise the gas
generator:  the axial compressor module and the compressor- turbine
module. The axial compressor module includes the inlet housing,  all
components of the axial compressor section including the intermediate
housing , and th e accessory drive gear . The structural support for  the
forward bearing is throug h the intermediate housing, wh ich is the for-
ward section of the in ter-compressor  duct . The shaft interface with the
hi gh -p ressu re  module is a self-piloting splined coupling. The corn-

• p ressor - tu rb ine  module includes the middl e bearing support (whi,ch i s
the rear  section of the in ters tage  duct),  the cent r i fugal bearing, and
the seal assemblies.

The gas generator rotor system uses three  ball bearings to control
rotor clearance and to exclude rotor critical speeds within the operating
range. Two basic elements comprise the rotor system: ( 1) the axial
compressor rotor , which is supported by the forward  ball bearing and
the splined coupling; and (2) the hi gh -p ressu re  rotor , which is straddle-
mounted on the middle and aft bearings .

The combustor liner , fabricated f rom Hastelloy sheet stock.is mounted
on four radial pins from the machined nickel alloy combustor housing
header . The liner has a slip joint at the outer f i r s t  turbine  nozzle
interface , and the axially flexible diaphragm is bolted to the inboard
f i r s t  nozzle flange.

The f i r s t  turbine nozzle assembly is fabricated f rom formed sheet stock
and an integral vane and flow-path casting. The nozzle uses two-pass
cooling throug h cored passages with cooling air discharge near the
trailing edge throug h two eloxed slots. Both inner  and outer nozzle
interface flanges are  axially remote f rom the nozzle vanes to minimize
the radial depth of the section over the vane end shrouds and to
accommodate thermal expansion gradients . The f i r s t  rotor cooling-air
preswir l  nozzle,  which is bolted to the f i r s t  turbine  nozzle inboard
flange, incorporates the cylinder for the d i f fuser  piston ring seals . Ti.e
location of the f i r s t  nozzle is established at the outer flanged in ter face
with the combustor header , which also connects the f i r s t  rotor shroud
and second nozzle assembly to the outer s t ructu re .

12
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• The second tu rb ine  nozzle , also an integral  cast ing,  is bra zed to the
inner  sheet stock diaphr agms , seal a ssembly, and ma chined outer
flange. P ressur iza t ion  air passes throug h holes in the outer flange and
the  cored vanes to the inboard rotor labyr in th  seal.

‘S

The tu rb ine  rotor  assembly comprises the individually bladed f i r s t
rotor  assembly and the integrall y cast  second rotor . The f i r s t  rotor

- * - blade is an investment casting and is supplied with compressor  d i scharge
air for blade cooling. As shown in Figure 2 , the cooling air is supplied
through a p reswi rl  nozzle , which imparts  a tangential  momentum to the

- .‘ coolant . This reduces static pressure  in the rotor cavity,  thereby
minimiz ing  labyr in th  seal p r e s s u r e  drop, and reduces static t empera ture
of the onboard cooling air as well as pumping losses . Individual holes
are  provided in the disc to t r a n s f e r  the cooling air to the blades where  it
flows throug h an integrally cast , three-pass  cooling network . The
coolant i ssues throu g h an integrally cast slot at the bla de ’s trailing edge .

The cooled f i r s t - s t age  turbine shroud is cantilever-supported from the
combustor ID housing. The cooling air passage is formed between the
shroud and a sheet-metal  baffle attached to the f i r s t  nozzle outer
shroud. The shroud has s tagger-spaced hexagonal knobs cast on the
outer surface which are used to maintain a positive airflow passage
between the cy linder and the sheet-metal baffle during eng ine operation .
The knobs also act as flow turbulators  to increase the cooling air heat-
t r ans f e r  rate. The cooling air is admitted to the space between the
shroud and baffle at the aft end , flow s fo rward , and discharges into the
mains t ream at the shroud leading edge .

14
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ANALYTIC TECHNIQUE

APPROACH

The ti p clearance of a turbine stage is a function of the different ia l
radial growth of the disc , the blade , and th e shroud as the engine is
exercised over its operating range . Analysis of the response of the
turbine system to steady-sta te  and t rans ient  operating conditions has
been accomplished throug h the application of a one-dimensional tip-

- .. clearance calculation technique , which yields the instantaneous value
of clearance at any point along an eng ine operational character is t ic.

The turbine stage is characterized as a one-dimensional, f ini te-element,
hea t - t ransfer matrix , which is solved throug h successive time interval
iterations for each steady-sta te  and t ransient  eng ine operating condition .
At  each time interval , temperatures  are calculated for each f ini te-
element nodal point as a result of aerodynamic and thermal boundary

• conditions and selected hea t - t r ans fe r  correlations to adjacent nodes .
Correlation functions for each f lu id/ sur face  interaction are based on
the geometry of the hea t - t r ans fe r  interface and the associated thermo-
dynamic parameters. Aerodynamic and thermal boun dary conditions
for input to the analytical model are obtained f rom eng ine performance
analysis or f rom actual test  data when available. Includ ed a r e the
distr ibutions of turbine inlet temperature , cooling air temperatures ,
flow rates , and pressures  throughout the system as a function of tim e
for the selected operating conditions .

Disc , blade, and shroud temperature  distributions , in conjunction with
rotational speed , are used to calculate the radial growth of each com-
ponent as a function of time. These values are combined to yield the
resulting tip-clearance response character is t ics  for steady-s ta te  and
transient  engine operation.

HEAT-TRANSFER MODEL DESCRIPTION

The one-dimensional, f ini te-element model constructed to simulate the
PLT 34 f i r s t - s t age  gas producer turbine is i l lustrated in Figure 3. The
model consists of an a r ray  of nodal elements that represent  the material
and fluid flow-path confi guration of the turbine stage . These nodal
representa t ions  are discussed below .

Material  Nodes

Mater ia l  nodes used to represent the turbine components were  selected

16
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to enable a one-dimensional radial temperature distribution to be
calculated for the disc , the blade, and the shroud. A description of
the model setup for each component follows:

a. Disc

“I The rotating disc is divided into seven radial metal nodes
(Fi gure 3, area s 40 to 46), with additional nodes located to
account for axial conduction at the rim (55, 57), the preswirl
cavity seal (53), the retaining plate (54) , and the spacers
(51 , 52). The additional nodes are used to af ford  a more
accurate definition of the radial temperature distribution for
use in the tip-clearance calculation.

b. Blade

• The blade platform is divided into three nodes to account for
axial conduction (Figure 3 , areas 56 , 47 , 58), and the airfoil
surface is characterized by three radially located nodes (48 ,
49, 50).

c. Shroud

The shroud is divided into four axial node s (Fi gure 3 , area s
60, 61 , 62, 63), with additional nodes to simulate the cooling
bosses (64 , 65), the cover plate (66),  and the shroud support
(59).

Contact Surface Nodes

Provision is made to account for heat - t ransfer  contact resistance at
points where contact between components exists. Included are  contact
nodes between the disc and the forward spacer (Figure 3, area 70),
between the blade root and the disc rim (71 , 72 , 73), and between the
shroud and the sheet-metal cover plate (74, 75).

Fluid Nodes

These elements represent the hot-gas and cooling air streams surround-
- “ ing the ro tor / shroud  system and comprise the following:

a. Gas

Inlet gas is represented by three radially located nodes
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pJ~ (Figure 3, areas 16 , 18, 20) which are used to afford
simulation of the turbine inlet radial temperature profile.
In addition , the effect of temperature drop across the stage
on distribution of shroud temperature is accounted for by
assigning four gas temperature nodes along the shroud

- 

~~•. (22 , 24 , 26 , 28).

b. Cooling air

Cycle cooling airflow rates are input as a percentage of main
- 

- gas flow , and each coolant stream is represented by a series
of nodal elements. Blade cooling air enters the system at the
disc forward face (Fi gure 3, area 7) and flows throug h a
t rans fe r  hole in the disc ( 11)  and through the blade cooling

I
. network (12 , 13 , 14). Leakage throug h the forward disc laby-
• rinth seal (9, 10) is also simulated. Disc aft face cooling air ,

which is supplied throug h the second nozzle vanes , is char-
acter ized by three fluid nodes (3 , 4 , 5). The stagnant air
reg ions surrounding the disc in the hub area are also included
as three nodes (77 , 2 , 79) . Shroud cooling air flows between
the shroud and the sheet-metal cover plate, exhausts at the
shroud leading edge, and is simulated by four nodes (30 , 31 ,
32, 33). The conduction link between the shroud support and
its mounting flange is simulated by a fluid node (37).

c. Boundary conditions

Input values of gas and cooling air temperatures , as a function
of time , are t r ans fe r r ed  to the anal ytic model throug h the
boundary condition nodes . Gas inlet temperature  is repre-
sented as three radially located nodes (Fi gure 3 , areas 15 ,
17 , 19) and four axially located node s (21 , 23 , 25 , 27); blade
cooling air by node (6);  disc aft face cooling by node (8); disc
bore boundary temperatures  by three nodes (76 , 1, 78) ; shroud
cooling air by node (29); and the shroud mounting flange con-
duction link by node (36) .

CALCULATION TECHNIQUE

The calculation of tip clearance is discussed below .

Boundary Conditions

Boundary condition parameters  are defined for  each steady-state  and
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transient gas generator operating condition. Parameters  that are
related to turbine rotational speed only are supplied as a function of
speed .

These include:

a. Turbine temperature  drop - inlet to exit

b . Turbine relative inlet temperature -
differential f rom inlet total t empera ture

c. Turbine cooling air inlet tempera ture  -
• differential from compressor  exit t empera tu re

d. Disc upstream static p ressure

e, Disc downstream static p ressure

For the initial analysis , these parameters  were defined f rom the gas
generator  desi gn cycle analysis . For the analysis of actual engine
operating conditions , the measured values for turbine cooling air temp-
erature  and disc upstream static p ressure  were  used. Disc downstream
static p ressure  was calculated f rom measured disc upstream pressure ,
assuming desi gn p re s su re  ratio variat ion.

Boundary condition parameters  that change as a function of time during
gas generator  t ransient  operation are  defined for  each t rans ien t  and for
steady-s ta te  operating points. These parameters  include:

a. Turbine rotational speed

b . Ga8 generator inlet airflow

c. Turbine inlet temperature

d. Compressor exit t empera ture

At each time interval , the tempera tures  of the boundary condition nodal
points of the hea t - t r ans fe r  model are  calculated from the boundary
condition parameters  in the following manner:

a , Gas inlet t empera ture  (Fi gure  3, areas 15 , 17 , 19) -

Relative inlet t empera ture  to the blade is calculated by
applying the desi gn combustor exi t - temperature  d is t r ibut ion

20
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shape to the turbine inlet total temperature  at the specifiedtime and subtracting the total-to-relative t empera ture
different ia l  as a function of rotational speed .

b. Gas temperature along shroud (2 1 , 23 , 25 , 27) - The value
of inlet total temperature at the outer wall is determined byapplying the combustor exit t emperature  distribution to theinlet total temperature.  The axial variation of gas temp era-ture along the shroud is determined by proportionally
reducing the t emperature corresponding to the work extractedin the turbine stage .

c. Blade cooling air (6) - The differential between turbine coolingair inlet temperature and compressor discharge temperature ,• as a function of speed , is app lied to the compressor exit
temperature at the specified time.

• d. Shroud cooling air (29) - Shroud cooling air inlet t emperature
is calculated by adding to the compressor exit temperature a
temperature~~rise term which is prorated as a function of
combustor temperature r ise .

e. The following temperatures are prorated from the desi gn
values as a function of combustor temperatur e ris e at the
specified time:

• Disc aft face cooling (8)

• Disc bore boundary temperatures (76 , 1, 78)

• Shroud support flange (36).

Heat-Transfer  Matrix  Solution

The calculation techni que for the solution of the hea t- t r ans fe r matr ixemploys a stepwise procedure over time intervals small enoug h to allowlinear temperature averag ing and evaluation of properties at constanttemperature . Typical time intervals range f rom 0. 2 second during
rapid transients to 1. 5 seconds as equilibrium is approached . The fluid-element t emperatures  are  evaluated by assuming quasi_ steady_ s ta teduring each time interval to reflect the t rans ient  flow and tempera ture
boundary conditions . Convective hea t - t r ans fe r coefficient formula t ions ,depending on the fluid flow path , are evaluated at each time interval todetermine the hea t- t r ans fe r  rates between the fluid elements and the
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material elements. During the calculation of fluid-element tempera-
tu r e s , the material nodes are held constant at the previously calculated
temperature  levels . The fluid node heat-balance formula is described
in A ppendix A .

‘S

Material temperatures are then reevaluated at each time interval. Their
rate of temperature change is determined by a heat balance of the con-

5 vect ive heat t rans f er f rom the fluid elements and the conduct ive heat
t ransfe r  from the adjacent material element s. The metal node heat-
balance formula is described in A ppendix B.

Heat-Transfer  Coefficient Determination

Convective heat - t ransfer  coefficients at each fluid/metal inter face  a re
calculated at each time step as a function of geometr y and the applicable
thermodynamic parameters. The three basic correlations used are
those for internal flow , flow adjacent to a rotating dis c , and flow over a
fla t plate. A description of each correlation function is provided in
Appendix C. A description of the correlation technique used for each
component is presented below.

a. Disc

Heat- t ransfer  coefficients for the purge flow forward
(Figure 3, ar eas 9, 10) and aft (3 , 4 , 5) of the disc are
determined by Kapinos ’ Method for small radial flow s in the
gap adjacent to rotating disc. Hea t - t rans fe r  coefficients for
the fluid node s (77 , 79) on the side of the disc below the
spacers are held at a constant value (h = 20 B tu /h r  ft 2 0 F)
felt to reflect an induced enclosed air circulation. The fluid
at the bore (2) is also held at a constant value (h = 5 . 0 Btu/
hr ft 2 0 F) representing the conductivity through a sta gnant
air gap adjacent to the shafting ( 1).

Flow in the preswirl  cavity (7) is t reated using Colburn ’ s
equation for channel flow with the relative velocity of the
preswirl  air adjacent to the disc .

Contact between the disc and forward spacer (70) is treated
as an effective convective hea t - t r ans fe r  coefficient of 1000
Btu/hr  ft 2 0 F acting over the area of contact .
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b. Blade

The turbulent flow across a plate correlation is used for the
gas side fluid (Fi gure 3 , areas 16 , 18 , 20) hea t - t rans fe r
coefficients. The heat-transfer coefficients for the interior
cooling flow in both the platform and blade ( 11, 12 , 13 , 14)
are calculated using Colburn ’s equation , with the appropriate
factors corresponding to pins, pillars, and slots in the
passages.

The average contact resistance, CR (71 , 72 , 73), betw een the
blade and the disc at the ball root is determined by estab-
lishing the hi gh-pressure  load contact area (Ac),  as well as
the total ball root surface area (As) ,  and performing an area
wei ghted average:

• 1 
— 

Hr (Ac) + (k /L) (Ac-As)
CRAVG A 5

where Hr = 5000 Btu /h r  ft 2 0 F is a typically large experi-
mental value; L is the nominal gap between root and rim;
and k is the thermal conductivity of air . This average
contact resistance is then applied to the entire area of
contact between the blade root and the disc. Effects  of
axial leakage along the ball root are  ignored .

The heat- t ransfer  coefficient for the hot gas along the
platform ( 16) is determined by using the correlation for
turbulent flow across a plate , where  the flow length across
the platform is approximated as the chord leng th of the blade .

c. Shroud

An experimentally det ermined factor is used in the Colburn
equation to determine the hea t - t r ans fe r  coefficients for the
interior cooling flow (30 , 31 , 32 , 33 ) around the bosses .

Heat - t ransfer  coefficients  for the gas-side fluid (22 , 24 , 26 ,
28) are determined by using the flat-plate correlation for
turbulent flow with a flow length equal to the helical spiral
length f rom the nozzle trai l ing edge to the node , based on the
exit swirl ang le of the nozzle. It is believed that this length
most accurately simulates the gas path in the forward  portion
of the shroud , without compromising accuracy in th e af t

23 

-7~~~~~~
- - ~ ~~~~~~~~ I--~ 

- 
_ _ _ _



portion where the gas flow direction has been vectored to
axial .

Ti p-Clearance Calculation

Solution of the heat-transfer matrix results in definition of the compon-
-. - eri t metal temperature  distribution as a function of time. The nodal

elements that represent  the radial distr ibution of t emperature  in the
components are used for  ti p-clearance calculation. Thes e elements
are:

a. Disc (Fi gure 3, areas 40 throug h 45)

b. Disc rim (46)

c. Blade (47 throug h 50)

• d. Shroud - average of elements (60 throug h 63)

e. Shroud coverplate (66) .

At selected time intervals , a s train calculation using the radial
temperature  distr ibution , in conjunction with rotational speed , deter-
mines the thermal and centr ifugal  growth of each component. The disc
is approximated by a series of radially linked ring s and the blade as a
series of elements in a bar . The ball root t ransmits  the blade
centrifugal force to the disc . Thermal and centrifugal  growth of the
disc , the ball root , and th e blad e ar e added to dete rm ine blade t ip
growth . Shroud thermal growth is analyzed as a f ree  ring or the
resultant growth of two in te r fe r ing  rings . Thus , the res t ra in t  of a
coverplate over the shroud can be evaluated. The difference of shroud
growth minus blade tip growth determines the differential  tip clearance.
Turbine tip clearance at steady-state conditions , or at selected time
intervals during a t rans ien t , is the sum of the assembly clearance and
the calculated differential tip clearance.
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TIP-CLEARANCE MEA SU REMENT DEVICE

GENERA L DESCRIPTION

The t ip-c learance measu remen t  device used for these  investi gations is
an optical system that uses a laser-beam triangulat ion technique to
dete ct blade ti p clearance. The basic system was developed under a
prev ious program sponsored by t he Eustis  Directora te  and is fully
described in USAAMRD L Report  TR-74-67 .1

The principle of oper ation is i l lustrated in Fi gure  4 , a dia gram of the
ba sic optical path within th e probe system. Laser light t ransmit ted
throu g h the input f iber  optic bundl e is focused by th e lens onto the
turb ine blade . The prism at the probe tip deflects the beam at an ang le
to the blade sur face , and the ref lected beam is focused onto the coherent
fiber optic output bundl e. Tip-clearance readout is accomplished by a
videcon optically coupled to the output f iber  optic bundle. As i l lustrated ,
a chan ge in blade position relative to the probe ti p results in a change in
the re flected spot location on the output f iber  optic bundl e and on the TV
monitor readout .

Th r e e  t ip-clearance measurement  devices were  installed in the gas
generator . The optical sys tem was ri gidly mounted to a base plate as
shown in Figure  5 . Probes 1 and 2 w e r e  supplied by a 15-milliwatt
he lium-neon laser throug h a bea m spl i t ter  and two input adjustment
assemblies, while probe 3 used a 10-milliwatt laser  as a li ght source .
The th r ee  coherent  f ibe r  output bundles were  mounted in close prox-
imity  and placed at the focal point of the TV camera . This allowed the
simultaneous viewing and record ing  of all c learance m e a s u r e m e n t s.
Output was shown on a 19-inch monitor  and recorded  with a 1-inch video
recorder . The signal f r o m  the gas g e n er a t o r  tachometer  speed pickup
was recorded on the  auxil iary audio t rack  of the video r eco rde r , i n su r ing
an accura te  cor r elation between the mea sured  ti p clea rance and the gas
generator  operating condi t ion. During playback , a digital clock output
was also included fo r  t r ans ien t  clearance de te rmina t ion.

Details of the probe confi guration are  shown in Fi gu re s  6 t h rou gh 8.

M . J. Ford , 3. R. Hi ldebrand, and J. C. P r o s s e r , DESIGN , FABRICA-
TION AND D EMON ST RATION OF A MINIATURIZED TIP CLEARANCE
MEASURING DEVICE , Pra t t  & Whi tney  A i r c r a f t  Div , , ,  Un i ted  Air -
cra ft Corp. , U S A A M R D L - T R - 7 4 - 6 7, Eus t i s  D i r e c t o r a t e, U . S. A r my
Mobil i ty Resea rch  and Development Labora tory ,  Fort  Eus t i s , V i r g in-
ia , Sept . 197 4 , AD787318.
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Primary location is accomp lis h ed by the use of the bayonet lugs at the
probe tip which lock into corresponding slots in the turbine shroud .
The bellows at the outer  mounting flange allow freedom of expansion so
that the probe will follow the motion of the turbine shroud. The syn-
thetic sapph i r e  pr ism is located at the probe tip by the pr ism reta iner ,
which is slotted to prevent rotation. The lens is positioned by the prism
re ta iner  and lens retainer , and the optical elements are held in place
by a compression spr ing.  Slot s are provided in the re ta iners  for the
flow of the ni t rogen coolant that is discharged throug h the probe tip.
The input and output f ibe r  optic bundles are located in the probe head
and retained by set screws .

SETUP TECHNIQUE

Considerable development effort was necessary in order to make the
• 

- laser  tip-clearance measurement device a useful tool for eng ine test
• applications. The majority of the work was directed at the input optical

system throug h which the laser beams were focused. The object iv e is
to focus the laser beam on a single fiber of the input f iber  optic bundl e
in order to present a close approximation to a point source input to the
probe optical sys tem. The following obstacles were encountered during
the use of the initial input optical system:

a. The mechanical configuration of the  system did not allow suf-
f ic ient ly f ine adjustment of focal- length and focal-point posit ion.

b . Crosstalk between f ibers  in the bundle caused multiple f i be r s
to be illuminated at the  output even when only one fiber was
illuminated at the input end.

• c. Readjustment of the input f iber  optic assembly to maximize
output li ght intensity required probe disassembly to insure  that
a single fiber was illuminated.

The following changes to the input optical system were made to over-
come these problems:

a . The fiber optic support system was redesi gned to allow prec ise
adjustment  of f iber  posit ion relative to the lens focal point . The
system is i l lus t ra ted  in Fi gure  9. Adjus tment  screws a re  pro-
vided to move the fiber  optic bundle fore  and aft , to posi t ion it
accura te ly at the focal point of the lens. Side-to-side adjust-
ment is provided for  by four screws which lock the ent i re
assembly in position . This  a r r angement  allows rapid and
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accurate location of the single-fiber optic used as the li ght
t r ansmi t t e r.

b. In order to guarantee that only a single fiber of the input f iber
optic bundle was illuminated, all but one fiber was blocked off
with nichrome tape at both the input and output end of the f iber
optic bundle. Not only did this provide a minimum spot size ,
but it also allowed greater ease of adjustment for maximum
light intensity. The fiber optic bundl e position coul d be adjust-
ed to g ive maximum output energy without the problem of
illuminating multiple f ibers and , thereby, increasing spot size.

Prior to calibration and after  each major test  phase , the probes were
set up for optimum performance  throug h the following technique:

a. The input optic assemblies were  adjusted to provide maximum
energy at the probe.

b. The positions of the output bundles at the TV camera in te r face
were adjusted to be at the camera focal point by illuminating
the fiber optic bundles with white lig ht and focusing so that
the individual f iber boundaries could be resolved.

c. The input fiber optic bundle was positioned in the probe head
such that the output beam was focused on a target  positioned
at the average clearance distance from the probe tip.

d. The coherent output f iber  optic bundle was positioned in the
probe head to provide the smallest spot size on the TV monitor
output consistent with sufficient range of clearance measure-
ment .

INITIAL CA LIBRATION

Afte r  initial assembly and setup, each probe was calibrated to deter-
mine range and accuracy. A depth micrometer  was attached to a “V”
block used to locate the probe perpendicularly to the micrometer face ,
and reading s were taken at 0. 002-inch intervals measured from the
probe tip. Scales calibrated in inches were attached to the TV monitor
screen for readout purposes. A typical calibration is shown in Figure
10; an accuracy of better than 0. 001 inch and a sensitivity of less than
0. 0005 inch were  at tained for each probe.

The dynamic response of the ti p-clearance measurement system was
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verified through the use of a rotating calibration wheel. Observation of
output spot position revealed no change in calibration during operation
at up to 30, 000 rpm with a 30-tooth calibration wheel.

A shaker table was used to determine the effects of vibration on probe
operation and calibration . The probes were  securely clamped in an
aluminum block and vibrated in three planes: (1) along the probe axis ,
(2) perpendicular to the probe axis parallel to the prism axi s , and (3)
perpendicular to the prob e axis perpendicular to the prism axis . A
reflective plate attached to the mounting block allowed relative clear-
ance readings to be recorded during the test. Two probes were vib-
rated over the following ranges:

± 1G : 40 - 250 Hz

± 2. 5 G : 250 - 500 Hz

• ± 10 G : 500 - 1000 Hz

± 20  G : 1000 - 2500 Hz

No change in clearance measurement or calibration was detected du r-

• ing the vibration testing.

CLEA RANCE MEASUREMEN T PROCEDURE

The procedure used to record tip clearance during gas generator  test-
• ing was developed to insure  that the resulting measurements were as

accurate as possible. On each test day, the following procedure was
followed:

a. The probes were calibrated using the V block and micrometer
setup previously described. Spot position was recorded on
the video tape for each probe at 0. 005-inch intervals measured
from the probe tip. During gas genera tor  assembly,  the dis-
tance from the probe tip to the inner surface of the shroud had
previously been measured for each probe .

b. Af te r  probe installation , the gas generator rotor was slowl y
rotated by hand and the tip-clearance measurement was re-
corded . This is termed the “in place calibration ” and is a
measure of the cold assembly clearance prior to testing.

c. Tip-clearance measurements were video recorded continuousl y
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during all test ing f rom initial cranking at s ta r tup  through shut-
down . Gas genera tor  speed was simultaneously recorded to
allow corr elation of clearan ces data with gas gene ra to r  operat-
in g condition .

d. At the completion of each tes t , the tip-c learance  measure-
ment probes w e r e  removed f r o m  the gas gene ra to r  and the
calibration procedure  described in step a . was repeated.

e. Steady-s ta te  and t rans ien t  tip-clearance r e s u l t s  f r o m  the
final tes t  ser ies  w e r e  r e r eco rded  for  data analysis  and pre-
sentation purposes. For these recordings , tip-clearance
scales calibrated in inches  of c learance  between blade and
shroud wer e made for each probe and pos itioned on the T V
monitor screen consis tent  with the average  probe calibration
reading. Readouts of gas generator speed and elapsed time
were  superimposed on the TV monitor , and video recordi ngs
were  made of all final s teady-s ta te  and t rans ien t  clearance
resul ts . Recordings were  then rep layed at a reduced f r ame
r ate , and t ip-clearance values , as a function of eng ine operat-
ing cond ition and t ime , were  extracted .

The output f o r m a t  is i l lus t ra ted in Fi gure 11 , an overall view
showin g the t ime and RPM outputs , as well as a closeup of the
clearance measurement. The inherent  problem in recording
th ree  out puts simultaneously is clear ly shown by the p robe- to -
prob e spot br ig h t n e s s  var iat ion . The spot produced by probe 1
was too br i ght to permi t  accura te  reading,  whi le the spot pro-
duced by probe 3 was barely visible . During readout of s te~~dy -
s ta te  and t r a n s i e n t  c learances, the cont ras t  and b r i gh tnes s
settings of the readout monitor were  adjusted to provide  an
opt imum spot conf igu rat ion for  each probe in tu rn .
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INSTRUMENTATION

COMPONENT TEMPERATURE INSTRUMENTATION

‘S
Correlat ion of calculated and measured tip clearance required measure-
ment of the temperature distr ibution of the turbine components on a stead y-

- - state and transient basis. These temperatures were compared with the
calculateci distributions to jud ge the accuracy of the analytic technique
in determining steady-s ta te  values , as well as t r an si ent r esponse rates .

- - 

- 

Rotating Components

Thermocouples were installed in the blade and disc to provide measure-
• ments of rotating component temperature distribution over the gas gen-

erator operating range . The following locations were  selected:

Blade - Three Positions

25% blade hei ght

50% blade hei ght

70% blade hei ght

The three blade measurements above were specifi~ d as a result of the
relatively large contribution of blade thermal growth to the total rotat-
ing system growth and in order to obtain an adequate sample of blade

- 
:- temperature distribution.

Disc - Five Positions

Blade root area - 1 on upstream face ,
• 1 on downstream face

Disc web - 1 centrally located

Disc midsection - 1 centrally located

~~isc bore - 1 centrally located

The five positions above were selected to offer an optimal sample of disc
radial and axial temperature distribution while retaining adequate disc
low-cycle fatigue life.

A layout of the instrumented turbine wheel is shown in Fi gure 1 2. Blade
temperature was sensed with chron-iel-alumel thermocouples encased
in insulated 0. 020-inch-diameter stainless steel sheaths and installed in
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grooves in the blade p~ essure surface. Thermocouple junction loca-
tion was in the web of the blade , as shown in the cross  section of
Fi gure  1~~. Previous two-dimensional analysis of the blade temperature
distr ibution indicated that the local tempera ture  at this  point accuratel y

c represents  the average cross-sect ional  temperature.  The thermo-
couples were secured by tack-welding , an d the groove was filled by tack-
welding small-diameter wires  alongside the thermocouple sheath and
blending to airfoil contour . The small-diameter thermocouple wires

• were  routed throug h holes in the blade platform , an d junct ions  to 0 . 040-
inch sheath diameter thermocouple wi re  were  made on the forward
portion of the blade root under the plat for m .

Disc temperatures were measured with 0. 040-inch sheath diameter
chromel-alumel thermocouples . Disc-face thermocouples were installed
in shallow holes below the surface to insure the recording of actual
metal temperature , while the centrally located th er moc ouples were
installed in 0. 050-inch-diameter  throug h-holes. Small plugs were
pressed into the disc holes , p rovidin g a sur face upon wh ich to bottom
the thermocouples , t o insure  intimate contact between the disc and
thermocouple. U pstream ther mocouple leadouts were  routed through
the bore of th e disc , which was enlarged sli ghtl y for this purpose . A
junction point was provided under the f i r s t - s t a g e  disc seal runner  to
allow disassembly of the f i r s t -  and second-stage disc without disrupting
the th er mocouple installation. The leadouts then passed throug h holes
in th e sec ond di sc an d throu gh th e shaft to a junc tion point at the shaft
inner diameter . From this  point flexible f iberglass- insula ted  thermo-
couple wires  were  run fo rwa rd  to the slip ring. These wires  were
attached to the shaft i nne r  bore to avoid rotat ing imbalanced components.
Ther mocouple si gnals were  carr ied out throug h a hi g h-speed slip ring
that incorpora tes  gold r ings  and brushes  and operates in a f reon bath at
con stant temperature .  The instrumented rotor assembly is shown in

• Figures 14 and 15 .

Shroud and Support

Shroud tempera ture  was measured  with twelve thermocouples installed

in a pa t tern  that provided th ree  c i rcumferent ia l ly equall y spaced
location s at the leading and trailing edges and six circumferential
location s in the mid-plane. The thermocouples wer e encased in a
0. 040- inch-diameter  stainless steel sheath and installed in blind holes
f r o m  the shroud outer  diameter , as i l lus t ra ted  in F igure  16 . In
addit ion , two thermocouples were  spotwelded to the support web and one
to the mounting flange.
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Initial tes t  resul t s  indicated a wide spread between measured tempera-
tu re  va lues ,  w ith  several thermocoup les indicating tempera tures  clearly
too low . This was a t t r ibu ted  to conduction e r ro r  caused by the shor t
in se r t i on  depth of the t h e r mocoup les into th e shroud and the fl ow of
shroud cooling air  around the thermocouple leadout . Consequently,  the
six mid-plane measurement  posi t ions were  reworked by providing slots
in the shrou d inner diameter (in the c i rcumferen t i a l  diameter)  into
which the thermocouples were placed. The slots were f illed with w i r e s
tack welded alongside the thermocouple sheath in the same fashion as
the blade the rmocoup le. These thermocoup les were  used as the basis
fo r shroud tempera ture  determinat ion in the final tes t  series .

BOUNDA RY CONDITION INSTRUMENTA TION

Overall gas genera to r  pe r fo rmance  analys is  was done for  each steady-
s ta te  and t r ans i en t  operat ing condition to achieve definition of component
heat-transfe r boundary conditions . This  was accomplished throug h the

• use  of per formance  measur ing  inst rumentat ion desi gned an d u sed durin g
the PLT 34 gas genera to r  development p rogram . Measurement  of the
following p ar a m e t e r s  was made:

a . Gas g e n e r a t o r  inlet p a r a m e t e r s  including airf low ,
p r e s s u r e , and t empera tu r e

b. Overall  opera t ing  p a r a m e t e r s  including rotat ing speed
and fuel flow

c. Compressor  exit p r e s s u r e  and t empera tu re

d . Gas producer  t u rb ine  exit p r e s s u r e  and t empera tu re

• e . Cooling airflow pressures and temperatures in the
ro to r  cooling and the shroud cooling ne tworks .

A summary of all gas gene ra to r  ins t rumenta t ion  is contained in Table 1
and i l lus t ra ted  in Fi gu r e  17 .

ADDITIONAL INSTRUMENTA TION

Normal gas  genera tor  mechanical pe r fo rmance  monitor ing instrumenta-
tion was provided to measure  vibrat ion levels , oil flow rates , oil
p re s s u r e s , and oil temperatures.

•\n attempt was made to provide a check of measured tip clearance
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throug h the incorporat ion of t ip -c lea rance  rub indicators  installed in
the sh roud . Nickel wi res  encased in magnes ium oxide insulation con-
t ained in a 0. 062- inch-d iameter  stainless steel sheath were  used as the
rub indic ator s. Pr ior  tes t ing  showed no si gni f icant  res is tance change
between the conductor and sheath in the presence of a propane flame .
Under gas generator operating conditions , however , rand om rub
indications were observed as the engine was accelerated above idle.
This is a t t r ibu ted  to res is tance paths developing as a result  of hot gas

• ionization , causing improper t r i gger ing of the rub indicator circui t .

DATA SYSTEM DESCRIPTION

The data acquisition system consisted of an IBM 1800 data processor
with a 32K work memory and is equipped with two 2. 9 million word
di scs , a magnetic tape unit , a ca r d reader  and punch , and a line
pr in ter . Analog outputs of the data sensors  are presented to the IBM
multiplexer , which incorporates a relay matr ix  and flying capacitors to

• integrate data before presenting it to the analog-to-digital conver te r .
The system allows real-t ime monitoring of eng ines under test  and the
permanent recording of all measured par amet e r s . Monitoring is
achieved throug h the acquisition , computation , and display of 20 vari-
ables on a CRT display located ~n the control room. Real-time compu-
tations include compressor p res su re  rat io , inlet airflow , and tu rb ine
iniet temperature. Steady-s ta te  capability includes the acquisition ,
computation , and output of up to 300 variables.

Transient  data recordings  were achieved throug h special programming
of the data acquisition system to allow the recording of 21 data values
in a hi gh-speed t ransient  mode. The a r r ay of 2 1 values could be up dated
at a maximum of 0. 25 second intervals to allow rapid and accurate
tracking of t rans ien t  tempera ture  response . Included in the t r ans ien t
recordings were all rotating component temperatures , selecte d sh roud
tempera tu res , cooling air  temperature and p ressure , gas genera to r
turbine exit temperature  and ~ re ssure , and gas generator  speed. In
addition , selected values were  recorded on a strip char t  r eco rde r  to
allow real-time test cell monitoring of t r ans ien t  t empera ture  response .
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GAS G E N E R A T O R  MODIFICATIONS

GENERAL

I’ In o rder  to accommodate the instrumentation required to determine the
response of each component in the r o t o r/ sh r o u d  sys tem which a f fec t s
turb ine  tip clearance, as well as the devices used  to measu re  the actual

• steady-s ta te  and t ransient  levels of tip clearance , cer ta in modifications
• to the test  vehicle were necessary.  These modif icat ions w ere l imited  to

th e minimum required for probe access and component t empera ture
measurement and were anal yzed to insure  that overall gas generator
operation was not affected.

INSTALLATION OF TIP-CLEARANCE MEASUREMENT DEVICE

Because of the reverse-annular combustor desi gn , the l a se r  t ip-c learance

• probes had to penetra te  the combustor gas path to reach the turb ine  shroud.
Protection was provided with water-cooled bar re l s  sur rounding  each
probe. A concentric tube desi gn was used , and the ba r re ls were  mounted
from the combustor outer housing as shown in Fi gure  18. Gas-filled metal
“0” rings were used to avoid leakage at the probe and cooling bar re l
mounting su r faces , and air seals were  provided at the combustor pene-
trat ion points . A water flow rate of approximatel y 100 gallons per hour
was used for each cooling barre l ; temperature  measurements  showed a
maximum water temperature rise of 24° F , which represents  approxi-
mately 0. 4 percent of the total combustor energy release;  this  did not
have significant impact on turbine inlet temperature distribution.

In ord~~ 
• o avoid in te r fe rence  with the flow issuing f rom the compressor

d i f fuse r .  it  was necessary to modif y the pipe diffuser  extensions in the
area of t .~e t s e r  pr obes . Two pipe extensions were  reworked at the
en t ry  point of each probe , as shown in Fi gu r e  19. The split ters were
removed and the flow passages were reblended to divide the flow s t ream
around the probes . No ef fec ts  on compressor  su rge  marg in w e r e
detected during the test  series  due to this modification.

The support member for the f i r s t - s t ag e  nozzle was modified to allow the
incorporation of access holes and slip-joint seals for laser installation.
Modification to the shroud consisted of laser probe access holes and the
incorpora t ion  of mounting lugs for  the probe bayonet f i t t i ng .  The
additional mater ia l  necessary  for  th e p robe mountin g lugs compensates
for the mater ia l  removed from the holes , resul t ing  in no decrease  in
shroud s t i f fness  in the area of the probes .
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Figure 18. Laser Probe Installation Layout .
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INSTRUMENTATION INSTALLATION

- ~
-
‘ Th ermocouple placement in the rotat in g components requi red  that the

bore diameter of the f i r s t  disc be increased  and holes and slots be -

incorporated in both discs , as desc ribed in the Ins t rumenta t ion  section .
Stress  analysis conducted on the discs showed a low-cycle fati gue life

- . of 1100 cycles for the  f i r s t  disc , with the  cr i t ica l  element being the
thermocouple leadout grooves or the disc f ront  face . The second disc
has a calculated life of 450 cycles as a resul t  of the 10 holes throug h
the web of the disc. 
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TEST PROCEDU RE

GENERAL

Ti p-clearance measurements were made over the full operating range
of the gas genera tor . The sequence of tes t ing be gan with steady- state
oper ation with very slow t rans i t ions  f rom one power level to the next .
Test  t ime at maximum continuous power was sufficient to season new
turb ine  par ts . Af te r  this  stead y-s ta te  test  evaluation , an assessment
was made of th e shroud di s tor t ion , the performance of the ti p-
clearance measurement  instrumentation, and the overall gas genera tor
operation . Condition of the test  hardware  was determined by means of
a borescope inspection . A f t e r  t h e data was analyzed and compared with
the predicted values , moderate accelerations and decelerations were
ma de . The resul ts  of the test  were  extrapolated to determine what the
ti p clearance would be during t he most severe  t rans ien t . A f t e r  comple-
tion of the analysis , t ran sients were  accomplished sequ entially in

• increasing order of severity. The t ransients  included: cold s tar t-up ,
minimum time acceleration f rom fli g ht idl e to full powe r , rapid decel-
eration from maximum power to idl e, wave-of f , rap id shutdown f rom
full power , and rest ar t  immediately af te r  shutdown . Each t ransient
was followed by adequate s teady-s ta te  hold times to allow component
growth and tip clearance to stabilize.

During each test  condition , suff ic ient  data were  taken to de termine  the
instantaneous growth cha rac t e r i s t i c s  of the r o t o r/ s h r o u d  sys tem , the
t rans ient t ip-clearance response , and the gas generator  operation
boundary condi tions .

CALIBRATIONS

Pr ior  to gas genera to r  assembly,  the  ro to r  and sh roud  cooling a i r
supply networks were calibrated to provide a basis for  cooling airf low
calculation under engine opera t ing  cond~~ions . Rotor  cooling airf low was
corre lated to p r e s s u r e  drop across  the  p r e swi rl  nozzle , an d shroud
cooling airflow was corre la ted  to p r e s s u r e  drop ac ross  the  me te r ing
ho les in the f i r s t - s t a g e  nozzle support .

Test  cell in s t rumen ta t ion  and data a c q u i s i t i o n  sys tem t r a n s d u c e r s  were
routinely ca l ib ra ted  be fo re  each t e s t .
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RESULTS

INITIA L ANALYSIS

The initia l ana lytic predict ion of t ip-c learance  response was done using
gas genera to r  desi gn operat ing parameters  as boundary conditions to
the anal~-t ic  model . The steady-s ta te  resul ts  for  shroud cooling airf low
rate s of 0 . 5 and 1 . 0 percent  are  summarized in Table 2 . Analy sis
shows that  the steady - s t a t e  operatin g clearance will be larger  than the
assembly clearance and that increas ing shroud cooling air  resul ts  in

- 
- si gnif icant  decreases  in running ti p cleara n ce . Fi gure  20 i l lus t ra tes

the growth of each component in the ro to r / sh roud  system at all steady-
state power points with net ti p clearance represen ted  as the di f ferent ia l
bet ween shroud growth and the combined growth of the disc , rim , and
bla’le. Calculated component temperature distributions which result in

• th i s t ip-clearance charac ter i s t ic  are shown in Fi gure  21 .

Transient  response charac ter i s t ics  w e r e  calculated for s ta r t , jam
accelera t ion , snap decelerat ion , wave-off , shutdown , an d r e s t a r t .
The results  calculated with 1. 0 percent  shroud cooling a i r  are shown
in Fi gures  22 throug h 26. Presented is the change in tip cl earance
fr om the assembly clearance value; a negative clearance indicates a
va lue smaller than the assembly level ra ther  than a rub condition . The
most s eve re  t ransient  is the shutdown from maximum power and re-
s t a f t . A minimum clearance of 0. 0036 inch below the assembly value
occurs 36 seconds af ter  initiation of the shutdown . A detailed descrip-
tion of the res ponse of each component during t rans ient  is g iven in the
discussion of test  results .

An analyt ica l study was conducted to determine the effect  of the assumed
convective heat - t ransfer  coefficient at the disc bore and the effect of
blade cooling air quantity on ti p clea r ance. Maximum power tempera-
ture distr ibution and result ing tip clearance were calculated with the
convective hea t - t ransfer  coefficient at the disc bore varied f rom 5. 0 to
100 . 0 about the estimated value of 20 B t u / h r- f t 2 ° F. The results are
sum m arized in the temperature distribution plot of Figure  27 . The
maximum variation in disc bore tempera ture  of 40° F represents a tip-
clearance change of only 0. 0006 inch .

A dditionall y, the variat ion in blade-to-blade tempera ture  as a result of
variations in blade-to-blade cooling air  quantity was analyzed to deter-
mine if a misleading radial temperature  dis t r ibut ion could be obtained
with individual blades selected for each radial measurement  position
rather  than having all thermocouples installed on a sing le blade . Van-
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ation of cooling airflow rate over a ± 20% range resul ted in a change in
calculated blade tempera ture  of onl y ± 420  F , re present ing  a t ip-clear-
ance change of ± 0 . 0004 inch . Thi s indicates that  bla de-to-blade
cooling airflow var ia t ions  will not cause s ignif icant  variat ion in
measured radial temperature  distribution .

INITIAL SETUP TEST

* Based on the analyt ic results  and prev ious tes t  h i s t o r y ,  a build c lear-
ance of 0. 012 inch and a shroud cooling airflow rate of 0. 75 percent
were  selected for the initial build. This combination was calculated
to yield a maximum power running clearance of 0. 0198 inch and a
minimum clearance of approximately 0. 011 inch during t r ans i en t s ,
offer ing reasonable assurance of rub - f r ee  operation for the initial test .

In this configuration , the eng ine was tested up to maximum power and
moderate  tr ansients were run . During the hi gh-tempera ture  phase  of
the test  series , only one of the th ree  laser t ip-c learance  measure-
merit probes was operating reliably, and operat ing clearances si gn i f i -
cand y smaller than ant ic ipated were  indicated. This condition was
ver ified when under a moderate deceleration a ti p rub was incu r r ed .
Data analys is af te r  disassembly resulted in the following conclusions:

a . Shroud cooling airflow rate  during operation was si gnificantl y
la r ge r than the anticipated value due to leakage a r ound the
ins t rumentat ion leadouts . This factor  accounted for , in
large part , the  ti g ht operat ing clearance.

b. Large  c i r cumfe ren t i a l  t empera tu re  variations w e r e  measured
at the turb ine  exit plane and in shroud t empera ture  distr ibu-
tion. This is partially at t r ibuted to a partially clogged fuel
ma nifold discovered at the end of tes t ing.

c. Th ree operative t ip-clearance measurement  positions are
necessary  in order  to obtain an accurate measure of ave rage
clearance .

FINAL SETUP TEST

General

For the final test  ser ies , the as sembly clearance was opened to 0. 015
inch as a result of regrinding the rotor to clean up the blade tips .
Shroud cooling a i r f lo -v  ra te  was set at 0. 47 pe rcen t , and all instru-
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rne ntat ion leadout paths  w e r e  sealed with  ce ramic  cement . The gas
g e n e r at o r  was tes te d up to maximum power condition s , and all r e q u i r e d
t ransien ts w e r e  run.

Steady-Sta te  Operat ion

Steady-state clearance was measured for operating conditions from

id le to full power , and ca lculat ions  were  repeated for  these  points using
actu al operating p a r a m e t e r s  as boundary condi t ions  to the analytic
techniqu e. The results are summarized in Table 3, which presents
the clearance measured by each probe as compared with the calculated
value. Analytic results are based on calculated component t empe ra tu r e s
becau se rotating thermocouple fa i lu res  which occur red  during the final
test  ser ies  did not allow definit ion of complete component t empera tu re
dis t r ibut ions  for  these  operatin g condit ions . A p lot of average ti p
clearances as a funct ion of pe rcen t  power is p r e s e n t e d  in Figure  28 .
Calculated clearance is based on change f r o m  the  e f fec t ive  assembly
clearance of 0 . 0 148 inch which r e p r e s e n t s  the average measured  clear-
ance under cold cranking conditions . This is sli ghtly smaller than the
a v e r a ge static assembly clearance due to the cen t r ifuga l  loading that
tightens the blades in thei r  root slots . The measured  and ca lculated
clearances  follow the same general  cha rac t e r i s t i c , wi th  c learance  at
idle l a rge r  than the assembly leve! and clearance decreasing at inter-
mediate  power and increas ing  again at maximum power . At  all power

points , the  ca lculated clearance was la rger  than the m e a s ur e d  c learance .

The t h r e e  major facto r s  inf luencing the  comparison between measured
an d calculated c learances  are component t e m p e r a t u r e , d i s to r t i on , and
shr oud the rmal  s t r e s s e s .

Component  T e m p e r at u r e  Dis t r ibu t ion  - The comparison between cal-
cu lated and measured component t empera ture  d i s t r ibu t ions  at maximum
power is shown in Fi gure  29. This data was recorded during the ini t ia l
tes t  s e r i e s  because of the rotat ing thermocouple fa i lures  that occur red
durin g the f inal  tes t  se r i es . The data a re  p re sen ted  only to i l lus t ra te
the co r-~par i son between measu red and calculated component t e m p e r a -
t u r e s . Clearances  calculated for this  opera t ing condit ion cannot be
compared di rec t l y wi th  clearances  measu red  during the f inal  t es t  se r i es
because of d i f f e rences  in t he rmod ynamic boundary  condit ions . A gree-
ment be tween calculated and measu red  disc and blade t e m p e r a t u r e s  was
ver y good . The measured  disc t e m p e r at u r e  was 70° F hi g he r t h a n  the
calculated value at the bore , rea ched exact agreen -t eri t in the  web area
at a radius of 1. 6 inches , and exceeded the ca lculated value in t h e  aft
r i m a r e a . Measu red  and calculated blade t emp e r a t u r e s  agreed  to
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w i t h i n  35° F . t t  the  midspan location and to w i t h i n  70° F at the hub and tip.
Included in the comparison is the shroud t e m p e r a t u r e  measu red  and

• ca lcula ted  for  the  maximum power point dur ing  the final t e s t  se r ies .
The average  measu red  t e m p e r a t u r e  of 1 t 1  1°F agrees  well with the cal-
cu lated a v e r ~tge  of 1607° F .

{ ‘: Component growth values determitied for the  measured  and calculated
t e m p e r a t u r e  d i s t r i bu t ions  a re  p r e sen t ed  in Table 4. As can be seen ,
the ca lcu la t ed - to -measured  t e m p e r a t u r e  d i f fe ren t ia l s  result  in small
chan ges in component g rowth . The net  e f fec t  of the disc and blade
measured t empera tu re s  being hi gher  than ca lculated is that total ro tor

— growth based on calculated component t empera tures  was 0. 0013 inch
less than the growth  based on measured  tempera tures. Shroud growth
agreement  is within 0. 000 1 inch . This results  in the ti p c learance  based
on calculated component t empera tures  being 0. 0012 la rger  than the
clearance that would result  from measured tempera tures. At maximum
power , this  accounts for  22 percent  of the total var ia t ion of 0. 0055 inch
between analysis and measurement.

Dis tor t ion  - Component dis tor t ion was found to be a si gnif icant  factor
influencing the ti p clearance of the t u rb ine  stage . The tabu lation of
measured tip clearance as a funct ion of power , p resen ted  in Table 3 ,
i l lus t ra tes  the variation in tip c learance recorded by the probes at
three  ci rcumferent ia l  positions. A t max imum power , this  variat ion
reached 0 . 012 inch , with a maximum local clearance of 0. 021 inch and
a minimum local clearance of 0 . 00 9 inch . The circumferent ia l  variat ion
in clearance is a si gnif icant  f rac t ion of the average  clearance level of
0 . 0163 inch . The shroud dis tor t ion pat tern  is summarized in Figure  30
whi ch i l lustrates the measured shroud runout pat tern at build and t ea r -
down , as well as the relat ive ti p -c learance  measurement  resu l t s  at
bui ld , idl e , and maximum power . Tip-c learance dis tor t ion is comprised
of two elements:  distort ion in shroud shape and shroud eccent r ic i ty.
Both fac tors  are indicated by the measured  d is tor t ion  pa t t e rn . Shroud
dis tor t ion is evident as a f la t tening of the shroud shape along a diagonal
axis . Th is p rogressed  f rom 0. 003 to 0. 006 inch ou t -o f - round  during
tes t in g as measured  by shroud runouts taken at assembly and teardown .
The th ree  laser  tip~clearance probes showed a similar pa t te rn  with the
addition of an apparent center line shift  between shroud and rotor . This
is evident a s a consis tent  increase  in c learance  at the 3 and 7 o t clock
ci r cumfe ren t i a l  positions coupled with the decrease  in clearance meas-
u r e d  at the 11 o ’ clock posi t i on . It is apparent l y due to nonuni form growth
in the shroud su pport  s t r u c t u r e  and is not full y unders tood . Circum-
f e r e n t i a l v a r i a t i o n  in the t e m p e r a t u r e  of the aft  hous ing  support  s t r u t s ,
t he  combus tor  hous ing  inner  wall , or the shroud cant i lever  support
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cou ld cause the shroud to shift  r e l a t ive  to the rotor  Inspection of the
shrou d t empera tu re  d i s t r ibu t ion  m e a s u r e d  at maximum power (Fi gu r e
31) shows onl y a sli ght co r r e lation between t e m p e r a t u r e  d is t r ibut ion  and
ti p-clearance dis tor t ion . At  the 3 o ’clock posi t ion , w h e r e  the m e a s u r e d
clearance was l a rge r  than ave rage , the  sh roud  t e m p e r a t u r e  was also
above avera ge; however , t h e  t i g ht c learance  area  at the 1 1 o ’ clock
position cor responds  onl y g e n e r a ll y to t h e  cold spot m e a s u r e d  at 9
o ’ clock . Only fou r midpoint s h r o u d  t h e r m o c o u p les w e r e  opera t ional
for the final t e s t  s e r i e s , so the fu ll c i r c u r n f e r e n t  i - t i  d i s t r i b u t i o n  could
not b e measured.

Shroud The rma l  S t r a i n  - The final factor influencin>.~ th e comparison
between ca lcula ted and m e t s u  r - d  S t k - , i  ci-~ — s~ u t  - cia- - i r i t a  i.- is t h e  s t r a i n
pa t t e rn  deve loped in the  shroud r e s ’ i l ’  i n ~~ f r o m  the t e m p e r a t u re  d is t r ibu-
t ion . An independent  two-d imens iona l  anal y s i s  was  conducted to  ~ -~t e r ~
mine th e sh roud  g r o w t h  p a t t e r n  r e s u l t i n g  f r o m  the  desi gn t e m p e r a t u r e

• di s t r i b u ’ion p r e s e n t e d  in Fi g u r e  32 . The resu l t  is summar ized  in
F ip u r e  33 , wh ich i l l u s t r a t e s  t h e  f i n i t e - e l e m e n t  model s t r uc t u r e  and
s h o- ’- s ca lcula ted  sh roud  gr o w t h  - i t  the  leading ed ge , midpoint , and
t ra i l ing  ed ge. It is apparen t  tha t  the  g rad ien t  f rom hi gh-t empera tu re
to low-temperature in the knee area restrain s the shroud growth at the
midpoint . The  n u p o i n t  g r o w t h  of 0. 0 363 inch compares wi th  a g r o w t h
of 0. 0421 inch ca lcu la ted  with the  one-dimensio  ~al analytic t echn ique
und er the  same t e m p e r - i t  u r e  condit ion s. This d i f ferent ia l  g rowth  due to
shroud  s t r e s s  d i st i ~ibut i on , wh ich  i s not accounted for in the  one-dim-
ensiona l ti p-c l ear a n c e  inal y t i c  t echn i que , is pr inc ipally res ponsible
for the  fact  t h i t  ca lcu la ted  c l ea r ance  was , under  all operation condi-
t ions , l a r t t e r  than m e t s u r e d  c learance . The d i f f e r ence  i n c r e - - . s & - d  in
propor t ion  to t h e  sh roud  t e n  p e r a t u r e  level , i n c r e a s i n g  f r o m  0. 00 2 3
in ch at f lu i ~ht id le to 0 . 005S inch at maximum power .

T rans ien t  Operat ion

The gas  g e n e r a t o r  was t e s te d  0- -er  t h e  fu l l  r - t n i ~t- of ‘ r i n s i e n t  oper a t ini .~
conditions to determine tip—cle arance and con pout-n t eli pt- r - i ture
res ponse. For each t r a n s i e n t  the  fol lowing i n f o r y t  i~~ ion  is p r e s e n t e d :

a. Ti p-c learance  response  c o m p a r i n g  t h e -  a’•- e r i e e  n ~~~- t  su red
clea rance  and the  a n a ly t i c  resu l t  b -i s ed  on (: t I c u l l t e d
component  t e m p e r a t u r e  d i s t r i b u t i o n . Gas g e n e r a t o r  speed
as a funct ion  of t i m e  d u r i n g  t h e  t r a n s i e n t  is - t l s o  included .

b . Measured  t i p - c l e a r a n c e  response  of e - i ch  t i p - c le a r a n c - p robe .
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c. Component t empera ture  response of the ro tor  and shroud
compa ring the measured and analytical results . The
selected disc tempera ture  is located in the mid-sec t ion
and corresponds to analytic node number  42 as def ined in
Fi g u re 3 . The shroud t empera tu re  selected was the  mid-
point value located at the 1 o’clock circumferential position.
For comparison purposes , node Number  62 of the anal y t i c
model was p resen ted . Each of these  values corresponds
w ell with the average  value .

d. Component g rowth  c h a r a c t e r i s t i c s  calculated f rom the
analytic model - presen ted  only for  the jam accelera t ion
and snap dece l e r a t i o n .

e . Transient  boundary conditions used in the analytic
tec hnique a re  presented in A ppendix D.

The detailed resul t s  and analysis  f or each t rans ien t  a re  presented  below:

Start  - Figures  34 throug h 37 i l lus t ra te  the t r ans i en t  response  of the gas
producer turb ine  to a s tar t  f rom ambient conditions . The comparison
bet ween measured and calculated tip clearance shows excellent ag ree -
ment of response rate  of clearance change,  wit h the calculated c learance
stabi lizing at a larger  value consistent with the steady-s ta te  resu lts .
Measured  clearance response shows that each probe mea sured an
increase in clearance at the time of ignition and , subsequen tly, decreas-
ed to the idl e steady-s ta te  level. The component t empera tu re  response
comparison shows good agreement  between calculated and measured
disc and shroud tempera tu re, account ing for  the good agreement  in tip-
clear ance response rate . Rotor blade response is presen ted  for  th is
t rans ient  since the midblade thermocouple was still operational dur ing
the s t a r t . The res ponse rat es a r e as expected , w ith t he blade fo ll owing
gas tempera ture  with virtually no lag , the shroud responding at an
inter mediate rate , and the disc responding relatively slowly.

Jar~i Accelerat ion - Turbine r o t o r / s h r o u d  response for  a 6-second jam
accelerat ion f rom fli ght idl e to maximum power is i l lus t ra ted in Fi gures
38 throug h 42 . A slight decrease in clearance was recorded in the f i r s t
3 seconds due to the rapid response of the blade to the increased temper-
a tu re  and cent r i fugal  loading. The clearance then increased  to 0. 02 1
inch and gradually r e t u r n e d  to the maximum power steady- s t ate value .
Response rate  agreement  between the analy sis and m e a s u r e m ent was
excellent as i l lus t ra ted  by t he component t e m p e r a t u r e  response comnpar-
ison . Component growth charac te r i s t i c s  determined f rom the calculated
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temper a tures  i l lustra te  the order  of response . Blade growth , i llus-
t r ated as the d i f ferent ia l  between total blade ti p growth and disc r im
growth , is ver y rap id , with most of the change occur r ing  within the f i r s t

4’ 5 seconds of the t r ansient . Shroud growth  is completed within approx-
imately 20 seconds , and di sc growth  i s quite sl ow , requirin g approxi-
mately 180 seconds f or the dis c to reach steady - s t a t e  t empera tu re.

During this t ransient , onl y two ti p-clearance measurement  probes were
operational. The output spot f rom probe 2 faded out during rapid accel-
erat ion conditions on the final tes t  day when the t r a n s i e n t  t e s t i n g  was
conducted. At the steady- s t a t e  operating points before  and af ter  the
transient , sufficient spot definition was avai1abl~ for  clearance measure-
ment . Thi s behavior is th oug ht to be caused by so ot depos its on the
probe pr ism surface which , in combination with the low ref lect ivi ty
f rom the bla de tip, reduced output light levels to below the optical

• system threshold. Average  clearance during the t ransient  was calculat-
ed by applying t he ave rage change in clearance measured by probes I
and 3 to the initial steady-s ta te  average clearance measured by all
three  probes .

Snap Deceleration - Transient response to a snap deceleration executed
from maximum power to fli ght idle in 6 seconds is sh own in Figures  43
throu gh 48. Average measured tip clearance decreased f rom the maxi-
mum power st eady-s ta te  value to a minimum of 0. 0 12 inch at 20 seconds
into the t ransient. Excellent agreement between calculated response
character is t ics  and measured re sults was again observed with si gn ifi-
cant di ff erenc e exis t in g only as a result of steady-s ta te  different ials,
Measured clearance response clearly i l lustrates the effects of dis tor t ion
on the problem of tip-clearance control. While the average clearance
decreased to 0. 012 inch , the minimum local clearance as measured by
probe number 3 decreased to 0. 004 inch. Component temperature res-
ponse sh ows good agreement  du r ing the cr itical segment of the t r ans i en t ,
with somewhat larger differences occurr ing as idle steady-s ta te  condi-
tions were  approached. Component growth charac te r i s t i cs  show the
same order of response as observed for s tar t  and jam acceleration.
The shroud , which cools in approximately 30 seconds , shrinks down
around the s till hot disc .

Wave-Off - The wave-off ( i l lustrated in Figures 49 throug h 51) consisted
of a rapid decleration from maximum power to fli g ht idle and an
immediate acceleration back to maximum power . The deceleration leg
was completed in 3. 8 seconds , and maximum power was attained af ter
a total time of 7. 0 secon ds. A minimum average clearance of 0. 013
inch was measured 6. 0 seconds af ter  initiation of the t ransient  with a
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minimum local clearance of 0.0065 inch measure d at the 11 o’clock circumferential
location. The minimum clearance occurs approximately 2 seconds after the start of

r acceleration. The initial clearance increase is caused by rapid blade response to reduce
temperature and speed ; the subsequent clearance decrease is due to the shroud cooling
more rapidly than the disc. Clearance continues to decrease after initiation of acceleration
because the blade responds rapidly to the increased temperature and speed and moves
toward the shroud , which responds more slowly. The component temperature comparison
illustrates why the measured clearance response agrees well with the clearance response
analysis results. Shroud temperature decreased rapidly to 1340° F during the deceleration
leg and then returned to the maximum steady-state level in approximately 20 seconds.
The reacceleration arrested the decrease in shroud temperature , which would have fallen
to approximately 1100°F if the acceleration had not taken place. Comparison of com-
ponent temperaturc response of the shroud during wave-off and snap deceleration (Fig 5 1
and 46) shows virtually identical shroud response during the first 4 seconds of each
transient. No appreciable change in disc temperature was detected during the wave-off.
During this transient , the output spot from probe 2 faded out as it did during the jam
acceleration. Average clearance during the transient was calculated by applying the average
change in clearance measure d by probes I and 3 to the initial stead y-state average
clearance measured by all three probes.

Shutdown and Restart - The shutdown from maximum power and subsequent restart
was the most severe transient discovered during the analytic and test program. Results
are summarized in Figures 52 through 55. Average tip clearance decreased from the
maximum power level to 0.0095 inch at the time of restart. This represents a total
clearance decrease of 0.007 5 inch , which is a significant fraction of the targeted running
clearance for this stage of 0.0 10 inch. Correlation between analysis and test was not as
close as for previous transients due to the difficulty of pred icting heat-transfer coefficients
under stationary no-flow conditions. However , the analytic technique yielded a total
clearance change of 0.009 inch , an excellent agreement with the measured result of 0.0075
inch. Inspection of individual probe measurements shows that local minimums of 0.005
inch were recorded at the 11 o’clock circumferential position and 0.006 inch at the
3 o’clock circumferential position. Total clearance change during the transient recorded
at the 3 o’clock position was 0.017 inch. Component temperature response shows good
agreement between test and analysis for the initial phase of the transient. The differences
noted during coastdown and restart are due to the low airflow rates during these phases.
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Shutdown - The shutdown tip-clearance r esponse shown in Fi gures 56
through 59 is similar to the previous transient. Average minimum tip
clearance was 0. 0105 inch . This , however , is based on only one probe
measurem ent after gas generator rotati on stopped since all blades are
not in the probe measurem ent planes simult aneousl y. Clearance meas-
ured by probe 1 , located at the 3 o’clock position , decreased fr om
0. 019 to 0. 013 inch after rotation stopped . The minimum aver age

• clearance is based on the assumption that th e reduction in average
clearance aft er rotation stopped correspond ed to the single probe
measurem ent . As for the previous tr ansient , measured and calculated
shroud temperatur es agreed well dur ing the initial phase of the tra nsient
and then diverged as the airflow stopped .

~• ~~~•
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ASSESSMEN T OF ANALYTIC TECHNIQUE

This program , which involved extensive comparison between the resul ts
of analysis and measurement , has clearly demonstra ted  the st reng ths
and weaknesses of the one-dimensional ti p-clearance analy tic technique .

• The one-dimensional analytic technique was very successful in calculat-

• ing the t ransient  respon se rates of tip clearance and component temper-
ature . Excellent agreement was demonstrated between calculated and
measured rotor and shroud steady-state and transient temperatures,

• indicating that the modeling procedure and h e a t -t r a n s f e r  coefficient
calculation accurately characterized the thermodynamic syctem .

Under  steady-sta te  operating condition s , the differential between
calculated and measured tip clearance was 0. 0023 inch at fli g ht idle ,
increasing to 0. 0055 inch at maximum power; this is attributed prim-

• arily to the one-dimensional nature of the shroud-growth calculation .
Two-dimensional finite-element analysis y ielded a midpoint shroud
growth 0. 006 inch smaller than the one-dimensional analy sis as a res ul t
of the thermal stress distribution in the shroud. Incorporation of a
more detailed analytic s t ress  linkage in the shroud area would increase
the steady-sta te  precision of the analytic technique.

The analytic techniqu e does not provide an assessment of the elastic or
inelastic distortion that was measured in the shroud during and after

gas generator testing.

Definition of boundary conditions during transients , especially the

determination of rate of change of turbine inlet temperature , was found
to be more difficult and time-consuming than antici pated; it required
modeling the gas generator cycle and running transient engine perfor-

• mance cycle analysis . In order to check the required accuracy of
transient boundary condition input , the jam acceleration and snap de-
celeration transients were analyzed with step-change boundary conditions .
In each case, all of the boundary conditions were assumed to attain the
full change from initial to final conditions in 1. ) second. These results
are illustrated in Figures 60 and 61 . Simplification of boundary condi-
tion rate of change caused no change in the critical values of the result-

ing tip-clearance response.
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Jam Acceleration.
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CONCLUSION S AND RECOMMENDA TION S

CONCLUSIONS

The accuracy of the anal ytic technique in determining t rans ient  ti p-
• clearance response rate and component temperature level was demon-

strated through comparison with measured values . Simpli fication of
the rate of change of the t ransient  boundary conditions caused no change
in the critical values of calculated tip clearance.

Different ia ls  between calculated and measured steady-s ta te  tip clear-
ance were  caused primarily by a two-dimensional thermal s t ress  dis-
tribution in the shroud that was not accounted for  in the analytic

• technique. Incorporation of a two-dimensional s t ress  linkage in the
• shr oud growth calculation would increase  the accuracy of the analytic

• technique .

Shroud distortion in both the axial and circumferential  planes was
found to be very si gnificant , generating clearance variations as large
as the one-dimensional changes measured during severe t ransients.

Improvements in the operating tip clearance of turbine stages are
possible through application of the one-dimensional ti p-clearance cal-
culation technique for  desi gns providing closer matching of rotor and
sh roud res ponse rates . Also , advanced designs must provide more

• 

- 
positive control over shroud di stort ion in order to take full advantag e
of improved t ransient  response character is t ics.

The laser tip-clearance measurement system provided accurate and
r epeaLtble measurements  under hot-section turbine operating conditions .
Considerable effort , however , was required in the setup, calibrat ion ,
and use of the system.

RECOMMENDATIONS

Modif y the one-dimensional analytic technique to incorporate a more
detailed s t ress  linkage in the shroud growth calculation to improve the
steady- state ti p-clearance calculation accuracy.

Use the analytic technique as a tool to analyze the response of new
shroud desi gns targeted in order to more closely match rotor transient
growth characteristics through passive and active control techn~ques.

Design and develop, through analysis and test , techniques to control

109



-5-——,-- —
~~~~ — ---

shroud distortion to allow smaller average operational ti p clearance .

Apply the one-dimensional analytic technique and the laser tip-clear-
ance measurement system to other gas producer and power turbine
stages to determine steady-state and transient tip clea rance so as to
provide a baseline fo r any necessary redes ign.

Continue development of the measurement system to provide more
positive optical setup and alignment and to allow direct readout of tip
clearance.
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APPENDIX A

- ~~
‘ FLUID NODE MODEL

The fluid node receives the flow from the preceding boundary condition or

fluid node and may have several metal nodes adjac ent to it . The descri p-
tion here is for a four-sided node .

I,

metal l

~ Hi , Sl i

fluid 
_ _ _ _ _  

W , CP ____  
fluid

T IN i TAVG T OUT
HZ , 2 j

,‘ n~etal 2~~~~N
TZ

• Tl , T2 . . . adjacent metal temperatures

T IN temperature of the incoming flow

W flow rate

Si , S 2 . . .  adjacent surface area

Hi , H2.. .heat transfer coefficients (HTC)

CP specific heat

T OUT temperature of the outgoing flow

T AVG average temperature

(TIN + TOUT)/2
- 

. Fl = Hl*Sl F2 = HZ*S2 F3= . . .

~F Fl + F2 + . . .
• 

~FT = Fl*Tl + F2*T2 +

1 * ~F T +  N - 1 * ~F ]  * TIN
w*cp L 

W *CP

• TOUT =

1 +  1 *
W *CP 2

NTU = ~ F Number of thermal units
W*CP

11~1
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NTU 42 for convergence stability

NTU is the ratio of the heat t ransfer  rate from the adjacent metal nodes
compared to the heat capacity rate of the fluid node. In the heat transfer
model the size of the fluid node (i . e. , the surface area it sees) must be
selected so that the temperature change in the fluid node will be small.
This permits the use of the linear average temperature approximation
(T IN + T OUT) /2  instead of the log mean temperature. The difference
between the two methods is 2. 1% for NTU = . 5. Thus, it is recommended
that for accuracy fluid nodes with NTU � . 5 be used.

I
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APPENDIX B

METAL NODE MODEL

A metal node can have several adjacent nodes which can be any cornbina-
tion of fluid , metal , and contact nodes . This method assumes small
temperature changes so that thermal conductivity and specific heat
values can be evaluated at the last calculated temperature.

The example uses two fluid and two metal nodes as adjacent nodes.

metal 4
5-

T4 
-
,

K4 ,(A/L4)
fluid 1 

-•  

M , CP fluid 2
Ti . Hi , Si T WAS TZ , HZ , S2

i T NOW
I META L

• ,‘ K3 , (A I L3) ‘ .~~

T3
• Nmetal 3

Ti , T2 , T3. .. Surrounding temperature

T WAS The temperature of the node at the last time step

T NOW The new calculated temperature
The T NOW temperature replaces T WAS for the
next time step.

Hi , HZ ... Heat Transfer Coefficient (HTC) values for the
fluid nodes

Si , S2 ... Surface area of the node that faces the fluid node s

K1 , K2 ... Thermal conductivity

(A/L3), (A/L4) . . Area-to-length ratio for the adjacent metal nodes
• M Mass of this node

CP Specific heat

DELT Delta time or time step

Fl = (Hi * Si) F2 = (HZ * S2)
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P F3 = (1(3 * (A/L3))  F4 = (K4 * (A/L4))

F5= ...

= Fl + F2 + F3 +

Z(FT)  = (Fl * Tl)  + (F2 * T2) + (F3 * T3) . .
DELT * Z (FT) + - DELT * * TWAS

T NOW = M*CP M*CP 2
i + DELT * ~~F

M*CP 2

TAU = M*CP Time Constant

DELT
TAU 

� 2 for convergence stability

TAU is used to determine the time step interval DELT. It is related to
the Biot and Fourier Numbers. The Biot Number H*L/K is a measure
of the relative importance of the external convection resistance to the
internal conductive resistance of the node. The Fourier Number
K*(A/L)*DELT

M*CP is a time-dependent measure of the relative thermal

conductivity to capacity rates . For any node , the E F terms can be
• grouped as

DELT 
= DELT(M~~~p)= 

~~~~~~ 
(H*S) + Z K *(A/L) )

which can be recognized as the equivalent to

DELT 
= (Fourier No. ) (Biot No. + 1)

The time step DELT must be selected so that the nodal
temperature change will be small. This permits the use of
a linear average temperature approximation (TWAS + TNOW) /
2 during the time step. For mathematical reason s similar to
those previously discussed for the fluid node , DELT/TAU for
the metal node is recommended to be less than . 1 for
accuracy.
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APPENDIX C

r HEA T TRANSFER COEFFICIENTS

The heat t ransfer  coefficient (HTC) is calculated for the following
conditions: (1) internal flow, (2) rotating disk , and (3) flat-plate
flow. These formulas all use the following variables:

K - Thermal conductivity

CP - Specific heat

VIS - Dynamic viscosity

Pr - VIS*CP - Prandtl Number
K

DEN - Density computed from the perfect gas law.

1. INTERNAL FLOW (HTC)

The formula used for internal flow is the Colburn
• equation:

HTC j * W * C P * (Pr) * * _ Z
A 3

In general , j is a function of the flow reg ime (Re) and
the flow development length ( LI D) .  Tables from Kay s
and London 2 and experimental data are available in
this form.

Reynolds number is based on hydraulic diameter

R e = D  * W
VIS A

2) W. M. Kays and A . L. London , “Compact Heat Exchangers ”.
(New York: McGraw-Hill Book Company, Second Edition,l964).
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Other parameters are defined below :

W ~~~~
— t A  f DI I

S

‘5.

W - Flow ra te

A - Cross sectional flow area

D - Hydraulic diameter

X - Length

2. ROTA TING DISK (HTC)

The following equation for a small gap flow adjacent to a

* 
rotating disk is found in the G. E. Handbook Heat Transfer

• Data, Section G5li based on the method of Kapinos3.

HTC — . 042 *K  * (Re) ** . 8 * (Pr) ** . 6 * PHI entry ** . 2
R ((R/R entry) ** 2 — (R / R entry) ** -3. 25) ** . 2

Reynolds Number is based on rotational speed

Re - 2~ 1T*RPM * (R) ** 2 * DEN
60 VIS

Other parameters are defined below:

PHI - ratio of radial flow velocity to rotational speed

PHI = W * 6 0
4 * DEN * RPM * 5 * (IT * R) ~* 2

PHI rim - PHI calculated at R = R rim

PHI entry = PHI calculated at R = R entry

RPM - Rotational speed

W - Flow Rate

R - Radius 01 the node of interest

R rim - Outer edge radius

R entry - Entry radius

S - Gap along side disk

3) “G. E. Heat Transfer  Data Book” , (Schenectady: G. E. Corp.
Research and Development Center , 197 0,and Revisions).
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R rim

3. FLA T PLATE FLOW (HTC)

The formula for turbulent flow along a flat plate can be
found in most heat t ransfer  texts such as Kre i th .

HTC = 0.0288 * K * (Re) ** 0.8 * (Pr)  ** 1
H’

Reynolds number is based on flow length .

R e =  X * W
• VIS A

See internal HTC for other parameter definition .

4) F. Krei th , “Principles of Heat Transfer ” , (Scranton: International
Textbook Company; Seventh Printing, 1963).
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APPENDIX D

BOUNDARY CONDITIONS - FINAL TEST RESULTS

Presented in this appendix are the boundary condition values used in
the analytic model for analysis of each of the transients run during the
final test series. Plots (Figure D- 1 through D-5) of turbine rotational
speed, inlet airflow, turbine inlet temperature, ccmpressor exit
temperature, and measured gas generator exit temperature are pre-
sented for each transient as a function of time over the significant
time period.
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Figure D-1. Transient Boundary Conditions - Start.
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Figure  D-2 . Transient  Boundary Conditions - Jam Acceleration
(She et 1 of 2 ) .
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Figure D-Z . Transient Boundary Condition s - Jam
Acceleration (Sheet 2 of 2).
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Figure D-3 . T ransient Boundary Conditions - Snap Deceleration
(Sheet 1 of 2) .
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Snap Deceleration (Sheet 2 of 2).

123

-5——,. 
-~~~
“—-.- - -  ~~~~~~~~~~~~~~~~~ ..:L_ _~ - - — - -  -



‘

‘5
- 100~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

_ _

95
0 

—

90 — -
~~~ 

______ ______

0~
°

~ 85~~~~ — — —  __  _ _  _ _

F-

LU
c~)

Li

~ 8 0 — —

- 5 
75

70 ______ ______ ______ ______ ______ ______

0 2 4 6 8 10 12

T I M E  - S E C O N D S

Figure D-4. Transient Boundary Conditions - Wave-off
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